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ABSTRACT
Novel microplasma jet devices can be fabricated in plastic substrates using
inexpensive tools and materials. A simple molding process used for creat-
ing microplasma channels has been developed at the Laboratory for Optical
Physics and Engineering. These devices have provided the opportunity to in-
vestigate characteristics and potential applications of arrays of microplasma
jets. In this thesis, the basic plasma physics in addition to the necessary fab-
rication and experimental techniques are discussed. Finally, the operating
characteristics of a particular type of microplasma jet array are discussed.
The results presented have opened the door to realizing large arrays of low-
temperature plasma expansions.
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CHAPTER 1
INTRODUCTION
In recent years, low-temperature, non-equilibrium, atmospheric pressure plas-
mas have been examined in great detail [1]. Many of these plasmas share the
feature of being confined in microcavities, often having dimensions ranging
from a few microns to a few millimeters [2]. This is significant because these
dimensions are typically shorter than 100 Debye lengths (λD) [1]. Known
generally as microplasmas, these plasmas exhibit characteristics that are dif-
ferent from typical bulk plasmas. Microplasmas produce stable glow dis-
charges at and above atmospheric pressure [1]. When operating with these
characteristics, microplasmas have the ability to produce electron densities
up to 1016 cm−3 and can handle specific power loadings of tens of kW·cm−3
[1]. This allows for the production of high concentrations of excited atomic
and molecular species [2]. Devices utilizing microplasmas have many po-
tential applications, ranging from light sources, to surface modification, to
biological sensing and treatments [3, 4, 5].
Microplasma devices have been throughly studied for decades and several
different types of devices have been studied at the Laboratory for Optical
Physics and Engineering (LOPE) at the University of Illinois [1]. These de-
vices have been fabricated on aluminum, glass, plastic, and silicon substrates.
In particular, plastic substrates have been studied because of their flexible
and transparent properties. Flexibility allows for the creation of devices that
can be bent into many different shapes, while the transparency allows for
easy access for observation and spectral analysis of the microplasma. Fur-
thermore, plastics allow for cost effective production of devices because of
their simple fabrication techniques and low material costs.
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CHAPTER 2
BACKGROUND
Plasma, also known as the fourth state of matter, is formed when gas molecules
or atoms are electrically excited. This excitation ionizes a small fraction of
the molecules, which in turn creates a mix containing charged particles, pos-
itive ions, and negative electrons [6]. Bulk plasma is defined as the region
of a plasma in which it exhibits quasi-neutrality (ne ≈ n+i ) where ne is the
number density of electrons and n+i is the number density of ions. One way
to generate a plasma is to apply a potential difference to a gas, usually with
two electrodes. When an electric potential of sufficient magnitude is applied
to a gas, positive ions accumulate near the negatively charged cathode and
force electrons away from the cathode [6]. This creates an area where the
gas is positively charged, which is known as the sheath region. Typically,
the sheath region is on the order of a few Debye lengths (λD), where λD
is defined as the minimum distance needed for the electrons to screen out
electric fields. The Debye length is given by the expression [7]:
λD =
√
0kBTe
nee2
. (2.1)
To solve the equation, 743 cm can be used as an approximation for ((0kB)/(e
2))1/2
[6]. Therefore, for a typical value of ne = 10
15 cm−3 and Te = 300 K, λD is
approximately 4 µm. The sheath region is not electrically neutral and the
current is carried primarily by the ions. Figure 2.1 illustrates the different
regions of a plasma [6].
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Figure 2.1: An illustration of the plasma region and the relative
concentrations of various species.
2.1 Microcavity Plasmas
Normally, the bulk plasma region dominates the plasma characteristics. How-
ever, because microplasmas are confined in such small regions, the character-
istics are dominated by the sheath region. As seen in Figure 2.1, the sheath
does not have an equal amount of ions and electrons; therefore, microplas-
mas in this region are in a non-equilibrium state. Furthermore, they are
non-thermal plasmas because they operate at room temperature. Microplas-
mas must also follow Paschen’s law, which states the breakdown voltage of
a gap is a function of the product of the gas pressure and the length of the
gap [6]. A general form of Paschen’s curve is plotted in Figure 2.2 [7].
From Figure 2.2, these curves have a minimum voltage point where the
easiest breakdown conditions can be found [7]. The curve also illustrates that
as the atmospheric pressure increases, the breakdown voltage also increases.
At higher voltages, the likelihood of a damaging corona-to-spark discharge
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Figure 2.2: A plot of the Paschen curve of air on a log-log scale.
also increases [7]. To avoid the formation of these sparks, a dielectric barrier
is placed in this discharge gap. This creates a type of plasma that is typically
known as a dielectric barrier discharge (DBD). By using DBD devices, the
presence of local overheating, shock waves, and noise is reduced due to the
absence of sparks [7]. This is the type of discharge that is generated by the
microplasma jets described here.
2.2 Microplasma Jets
Atmospheric pressure plasma jets (APPJ) have non-thermal and atmospheric
properties that make them particularly attractive for a number of applica-
tions. Much research has been done with APPJs operated with an alternating
current power source at a frequency of 13.56 MHz [8]. Depending on the gas
mixture and the specific structure of the jet, the operating voltage is usually
50−300 VRMS [9]. A typical jet’s eﬄuent is generally a few hundred microns
to millimeters in diameter and a few millimeters in length with a temperature
of 20 − 150 ◦C [10, 11]. These nonthermal plasmas are of interest because
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of their potential applications in surface treatments [12]. In particular, the
plasma jet is well suited to the task of bacterial and viral inactivation [13, 3].
These jets emit ionzied species and ultraviolet light which can kill bacteria
without harming the underlying surface [10]. Another potential application
for these plasmas is optical spectroscopy [2].
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CHAPTER 3
EXPERIMENTAL SETUP
In this chapter, the device structure, fabrication procedures, and test plat-
form setup will be discussed. The microplasma devices used in this research
were created using the embedded molding process described below. These
devices employed three different designs that artfully demonstrate the ef-
fects of channel spacing on the microplasma jets. The chapter ends with a
description of the testing setup.
3.1 Microplasma Jet Composition
The device is mainly composed of a polymer known as RTV615 made by
Momentive Performance Materials, Inc. Channels are formed in between
aluminum electrodes that are completely immersed in the polymer. Figure
3.1 is a cross-sectional diagram of the structure developed in this work.
3.1.1 RTV615 Silicone Polymer
The polymer used in the microplasma jet device is a two-part transparent
silicone rubber compound [14]. This compound was used because of its ex-
cellent self-adhesion, a feature of particular value when bonding two sections
of RTV615 components. The material has a viscosity of 4300 centipoise and
useful temperature range extending to 200 ◦C [14]. When two pieces of sil-
icone require bonding, the high viscosity simplifies the fabrication process.
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Figure 3.1: A cross section diagram of a microplasma jet device created
using the molding process.
Furthermore, the temperature resistance of this polymer means that the ma-
terial is robust, especially in a plasma environment. The silicone polymer is
relatively soft, with a Shore A hardness of 44 and tensile strength of 6.5 MPa
[14]. Figure 3.2 illustrates the transmittance of a 5 mm thick sample of the
polymer, showing that the transmission is approximately 60% at 300 nm in
the ultraviolet.
3.1.2 Aluminum Mesh
The electrodes, diagramed in Figure 3.1 and pictured in Figure 3.3, are fab-
ricated from stamped aluminum mesh manufactured by the Dexmet Corpo-
ration. Having a thickness of 0.005 inches (127 µm), the mesh has openings
in the form of a diamond with four sides, each approximately 1.27 mm in
length. The mesh is cut into rectangular pieces measuring 1.5 cm by 0.5
cm to which a Teflon insulated, silver-coated, copper wire is attached using
Silver Paint II (GC Electronics). The wire is a 30 gauge stranded copper
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Figure 3.2: Transmission properties of a 0.5 cm thick sample of RTV615
silicon polymer as measured with an ultraviolet visible spectrophotometer
(Varian Cary 5G).
Figure 3.3: A photograph of the Al mesh electrode.
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wire with a diameter of 0.01 inches (254 µm). These electrodes are then
embedded within the RTV615 polymer above and below the micro drill rods
described in the next section.
3.1.3 Micro Drill Rods
The plasma channels are created by embedding micro drill rods in the silicone
polymer and pulling them out using a pair of pliers after it is cured. The rods
are 0.75 inches long and are made of steel with a high molybdenum content
of between 4.75 and 9.10 percent. They have a wire gauge drill size of 80,
which translates to a diameter of 0.0135 inches (342.9 µm). The tolerance
for the diameter is +0.0000 inches (0 µm) and -0.0002 inches (5 µm).
3.2 Microplasma Jet Fabrication
The devices described briefly in the last section have not only been success-
fully fabricated and tested, but experience has shown that the materials and
procedures presented here have resulted in devices that consistently turn on.
The fabrication process that is used to create these devices is straightforward.
Figure 3.4 illustrates all of the major steps in the process flow.
The steps developed to build the plasma jet device are relatively simple and
reproducible, enabling the reliable construction of arrays of devices. Indeed,
the entire array can be assembled with a mold, such as that diagramed in
Figure 3.4(a) and pictured in Figure 3.5, made from off-the-shelf Lego parts.
The curing steps in Figures 3.4(c) and 3.4(g) are done on a hotplate at a
temperature of 80 ◦C. At this temperature, the silicone typically takes over
an hour to harden [14]. After the device hardens and is removed from the
mold, the excess silicone is trimmed and the drill rods are removed.
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Figure 3.4: Diagram illustrating basic device creation workflow. (a) Create
Lego mold, (b) pour in base layer of silicone, (c) cure the RTV 615
polymer, (d) pattern electrodes, (e) place the electrodes and drill rods in
layers in the device mold, (f) pour in final layer of silicone, (g) cure the
RTV615 polymer, (h) remove the device from the Lego mold, and (i)
remove drill rods and trim off excess silicone.
Figure 3.5: A photograph of the Lego mold used to contain the silicone in
its liquid state.
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3.3 Microplasma Jet Structure
The microplasma jet device developed in this research has ten channels ar-
ranged in two rows of five. This structure was chosen for this research because
it demonstrates the ability to create a multidimensional array of microplasma
jets and because it can highlight some of the differences between the jets that
can be compared easily. The similarities and differences between operational
characteristics of these microplasma jets are described in Chapter 4. For
the array, the channels were set approximately 2 mm (center-to-cetner) from
each other. In Figure 3.6(a), the arrangement of the rods used to create each
layer of the device can be seen. To frabricate the multilayer jet array, two
sets of these rods were used and the finished device can be seen in Figure
3.6(b).
(a) (b)
Figure 3.6: Photographs of (a) the channel arrangement and (b) a finished
jet device.
3.4 Test Platform Arrangement
The setup used to test the devices includes an electrical source to power
the array and a gas flow system to regulate pressure and mass flow rate
in the microchannels. To ensure the least possible variance in the testing
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environments between the APPJ devices, the setup used to test and analyze
the devices is relatively simple.
3.4.1 Flow System Setup
The flow system only has a few basic elements. The gas, research-grade
He (99.9995% purity) from S.J. Smith Company, flows through a pressure
regulator and a series of valves to control the rate of the gas flow. The flow
rate is governed by a variable area flow meter (Dwyer Instruments) rated
for 0.6 to 5 liters per minute (lpm) in air. The gas pressure is measured
using a 1000 Torr full scale capacitance monometer from MKS Instruments.
The particular capacitance monometer gauge that was used measures the
atmospheric pressure of the lab to be 723.9 Torr. The configuration of the
flow system is illustrated in Figure 3.7.
3.4.2 Power Supply Setup
For testing, the devices are powered by a voltage having a sinusolidal wave-
form created by a function generator. The wave is amplified by a conventional
audio amplifier and the voltage is increased using a 100:1 turns ratio trans-
former. The function generator used in this research is the PCGU1000 by
Velleman. An off-the-shelf audio amplifier from Mackie (FR 800) was used.
The sine wave frequency of 20 kHz was chosen because this value lies at the
-1 dB point of the audio amplifier [15]. Furthermore, previous microplasma
research has been conducted with a 20 kHz frequency, so it will be easier to
compare results from this experiment with other published results [1, 3, 13].
The voltage and current across the devices were aquired with a Tektronix
TDS 2024B oscilloscope with current voltage probes from Tektronix.
12
Figure 3.7: A diagram showing the various elements of the He flow system.
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CHAPTER 4
RESULTS AND DISCUSSION
In this section, different operational characteristics of the device are docu-
mented and explored. To operate the device, a 20 kHz sine wave is generated
by the function generator. This signal is delivered to the amplifier and a
transformer which steps-up the voltage to a maximum of 7 kVp−p. Before
operation, the device is first purged of impurities by flowing He at a flow
rate of 2 liters per minute through the device for 15 min. Subsequently, an
electric field is generated between the electrodes. Device operation begins
when a plasma is induced in the channels; this occurs at a driving voltage of
approximately 3 kVp−p. The following sections in the chapter are concerned
with the impact of changing the mass flow rate and the applied voltage on
the jet’s operating characteristics.
4.1 Flow Rates
The flow rates of He through the microplasma jet are related to the backing
gas pressure. The rate of flow is also dependent on the type of gas used.
For our experiment, we examined the rate of flow for both Ar and He gas.
Since the flow meter is calibrated for air, we must adjust the readings for the
actual gases used. This can be accomplished with the relation
qG = qA ∗
(
(ρf − ρG) ∗ µA
(ρf − ρA) ∗ µG
)
(4.1)
14
where qG is the gas flow rate, qA is the air flow rate, ρf is the float density, ρA
is the air density, ρG is the gas density, µA is the air viscosity, and µG is the
gas viscosity [16]. The float density is density of the sphere that determines
the flow rate reading in the meter as it is being pushed up by the gas.
4.1.1 Ar Flow Rate
The Ar flow rate was measured with a variable area flow meter and the results
were correlated with pressures measured with the capacitance monometer
gauge. Calibrating the flow meter for use with Ar was accomplished with
Equation (4.1) and the following constants: ρf = 7.87 kg/m
3, ρA = 1.161
kg/m3, ρG = 1.449 kg/m
3, µA = 18.6 µPa·s, and µG = 22.9 µPa·s [16,
17]. From Figure 4.1, it is clear that Ar flow rates between ∼0.9 l/min and
∼4 l/min are avaliable.
Figure 4.1: Plot of the Ar rate of flow with respect to the Ar gas pressure
being applied to the device.
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4.1.2 He Flow Rate
For the He flow rate, the readings also have to be corrected for the difference
between air and He; Equation (4.1) was used to do this. The same variables
used to correct the flow rate for Ar were used to correct for He, with the
exception of ρG = 1.449 kg/m
3 and µG = 22.9 µPa·s [17]. The resulting flow
rates can be seen in Figure 4.2.
Figure 4.2: Plot of the He rate of flow with respect to the He gas pressure
being applied to the device.
As seen in Figures 4.1 and 4.2, for a given pressure, the flow for Ar is
smaller than the flow for He. This is reasonable because Ar has a density
approximately a factor of two larger than that for He [17].
From the flow rates, the flow velocity can be determined simply by using
vf = rf/acs (4.2)
where vf is the flow velocity, rf is the flow rate, and acs is the cross-sectional
area. The cross-sectional area of the device is 10 times the area of each
16
Backing Pressure (Torr) He Flow (l/min) He Velocity (m/s)
750 1.39 25.1
800 2.99 54.0
850 4.06 73.3
900 4.59 82.9
950 5.23 94.5
1000 N/A N/A
1050 N/A N/A
Table 4.1: Table of the He velocity and the corresponding backing pressure
and flow rates.
channel, which has a radius of ≈170 µm. This results in a cross-sectional area
of 9.23*10−7 for the entire device. Using Equation (4.2), the flow velocities
for different backing pressures are given in Table 4.1. The flow velocities for
the backing pressures of 1000 and 1050 Torr could not be determined because
the flow rate was greater than the maximum measurement of the flow meter.
4.2 Microplasma Jet Characteristics
The microplasma jet has unique characteristics, such as being able to safely
come into contact with human flesh. In this section, some of these important
characteristics of the microplasma jet array will be discussed.
4.2.1 Turn-On Characteristics
As the applied voltage is increased, the number of channels that generate
plasma is a function of the electric field strength within the channel for any
given value of voltage. Figures 4.3 and 4.4 present two photographs of an
array in which only 3 or 4 channels are producing plasma jets.
Figure 4.5 demonstrates how the differences in pressure and applied voltage
affect the number of visible jets that are generated by the microplasma device.
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Figure 4.3: Photograph of the microplasma array operated at 3 kVp−p and
750 Torr (He flow rate of 1.38 l/min). The device demonstrates four active
channels, but no visible jets can be seen.
Figure 4.4: Photograph of the microplasma array operated at 3 kVp−p and
1050 Torr (He flow rate of greater than 5 l/min). The device demonstrates
three active channels with jets coming out of them.
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Figure 4.5: A plot of the number of active microplasma jets at various
pressures and voltages.
It demonstrates that, at He backing pressures of 950 and 1050 Torr, it takes
a higher voltage to achieve the same number of jets in the microplasma array.
This trend agrees with other findings that it takes more power to excite a
plasma as the flow rate increases [18].
4.2.2 Microplasma Jet Length
As previously discussed, the characteristics of the jets are affected by the flow
rate and voltage applied to the device. In this section, the variables affecting
the length of the microplasma jets are explored. To do this, photographs
were taken at pressure intervals of 50 Torr (from 750 Torr to 1050 Torr) and
voltage intervals of 0.5 kVp−p (from 2.5 kVp−p to 7 kVp−p). Each diamond
in the mesh was measured to be approximately 1.5 mm, so the mesh could
be used as a ruler to determine jet length. Figure 4.6 shows the length of
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the longest jet in the array as the applied pressure and voltage are changed.
Examples of the photographs used to determine the lengths of the jets are
in Figures 4.7 and 4.8.
Figure 4.6: Plot of the length of the longest jet at various electrode voltages
and backing pressures.
The graph and photographs demonstrate how higher voltages do not ap-
preciably change the length of the microplasma jet, although the length does
increase with the applied voltage. This is expected as higher applied voltage
translates to greater electron density, which leads to more He ions interact-
ing with the atmospheric gas, and therefore a longer jet. The graph also
shows that higher pressures, and therefore higher flow rates, lead to longer
microplasma jets up to 900 Torr, at which point the jet length starts to de-
crease. At 1050 Torr, the jet length is 15% shorter than its maximum value
at 900 Torr. This is most likely because at higher flow rates, the jets are no
longer in a laminar flow and have entered a turbulent flow regime [19].
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Figure 4.7: Photograph of the microplasma array operated at 6.5 kVp−p and
1050 Torr. The photograph was taken using a Canon Powershot XS10 IS.
Figure 4.8: Photograph of the microplasma array operated at 6.5 kVp−p and
900 Torr. The photograph was taken using a Canon Powershot XS10 IS.
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4.2.3 Spectroscopy
The types of molecules that make up a particular plasma can be determined
by using optical spectroscopy. The spectra of the microplasmas were taken
using an Ocean Optics Inc. SD2000 fiber-optic spectrometer. Figure 4.9
presents the results of the tests.
Figure 4.9: Spectra taken at the start of the channel (Channel Spectrum)
and at the start of the jet (Jet Spectrum) for 900 Torr He and an applied
voltage of 7 kVp−p.
Some of the lines in Figure 4.9 were assigned to specific atoms and molecules,
mainly ions from He and N2 [20, 21]. The channel spectrum demonstrate the
dominance of He in the plasma. The channel also shows the presence of a
small amount of N+2 , and this is expected since the He is not 100% pure and
since there is backflow of atmospheric gas along the channel. The differences
in spectra from the plasma within the channel and from the jet shown in
Figure 4.9 demonstrate a drastic change in the composition of the plasma.
A jet is produced as the He plasma generated in the channel enters the envi-
ronment outside the device. The He metastable atoms produced within the
channel excite the N2 in the atmospheric air; when the excited N2 molecules
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go back to the ground state, the result is a blue glow [22]. N+2 ions are most
likely produced by Penning ionization of N2 by He metastable atoms [23, 24].
N+2 also has a relatively short lifetime of less than 100 ns, which means that
the Penning ionization occurs at approximately the same location that the
N+2 radiates [25]. This provides a useful way to potentially map the ionization
distribution in future work.
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CHAPTER 5
CONCLUSIONS
Arrays of microplasma jets created using plastic substrates have been fabri-
cated and successfully operated. The devices have been formed using a novel
fabrication process. This inexpensive technique utilizing very basic tools and
materials has led to the realization of flexible and transparent microplasma
jet devices. Now that the fabrication steps have been established and basic
testing has been done using a He gas flow, more in-depth field testing into
various applications for microplasma jet arrays can be realized. Further-
more, the size of the array of jets can be extended while different channel
configurations and diameters can be tested. More studies with different gases
should also be done to determine how the microplasma jet arrays can be op-
timized for different applications. These devices show much potential, and
the breadth of their applications has yet to be realized.
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